Chronic hepatitis B virus infection cannot be cured by current therapies, so new treatments are urgently needed. We recently identified novel inhibitors of the hepatitis B virus ribonuclease H that suppress viral replication in cell culture. Here, we employed immunodeficient FRG KO mice whose livers had been engrafted with primary human hepatocytes to ask whether ribonuclease H inhibitors can suppress hepatitis B virus replication in vivo. Humanized FRG KO mice infected with hepatitis B virus were treated for two weeks with the ribonuclease H inhibitors #110, an α-hydroxytropolone, and #208, an N-hydroxypyridinedione. Hepatitis B virus viral titers and S and e antigen plasma levels were measured. Treatment with #110 and #208 caused significant reductions in plasma viremia without affecting hepatitis B virus S or e antigen levels, and viral titers rebounded following treatment cessation. This is the expected pattern for inhibitors of viral DNA synthesis. Compound #208 suppressed viral titers of both hepatitis B virus genotype A and C isolates. These data indicate that Hepatitis B virus replication can be suppressed during infection in an animal by inhibiting the viral ribonuclease H, validating the ribonuclease H as a novel target for antiviral drug development.
Introduction
At least 240 million people are chronically infected with hepatitis B virus (HBV) (Ott et al., 2012) , and about two billion people worldwide have been infected with the virus (Morikawa et al., 2016) . Chronic HBV infection is a major cause of end-stage liver disease, including cirrhosis, liver failure and hepatocellular carcinoma (Chen and Yang, 2011; Fattovich et al., 2008; Yang et al., 2008) . HBV is not directly cytopathic, and liver damage is mainly caused by immune-mediated necro-inflammation (Guidotti and Chisari, 2006; Protzer and Schaller, 2000) . Recently, de novo HBV reactivation during chemotherapy and immunosuppressive therapy has emerged as a major concern (Voican et al., 2016) .
HBV is an enveloped DNA virus with a partially double-stranded relaxed circular DNA genome of 3.2 kb that replicates by reverse transcription via an RNA intermediate. Viral replication is catalyzed by the DNA priming, DNA polymerase (reverse transcriptase) and ribonuclease H (RNaseH) activities of the multifunctional HBV polymerase protein.
The standard treatments for HBV employ (pegylated) interferon α and nucleos(t)ide analogs (NAs). However, these monotherapies very rarely eradicate the virus even though they greatly reduce HBV replication, hepatitis, and progression of fibrosis (Tong and Revill, 2016; Zeisel et al., 2015) . Advantages of interferon α treatment include relatively frequent (∼30%) seroconversion against the HBV e antigen (HBeAg) (Perrillo, 2009) , limited treatment duration, negligible risk of development viral resistance, and slightly increased clearance of HBV with time (Gupta et al., 2014) . However, side effects often limit its use.
Five NAs are approved for treatment of chronic HBV infection in the USA: lamivudine, telbivudine, adefovir, entecavir, and tenofovir (Lok et al., 2016) . The NAs inhibit DNA elongation by the HBV polymerase during reverse transcription. NA therapy has fewer side effects than interferon α, can lower viremia to undetectable levels (Jones and Hu, 2013) , reduces short-term risk of HCC by several fold (Hosaka et al., 2013) , and inhibits and sometimes reverses progression of fibrotic and cirrhotic liver injury (Marcellin et al., 2013; Tana and Hoofnagle, 2013) . Unfortunately, long-term treatment with NAs is required because viral titers almost always rebound upon drug removal (Tong and Revill, 2016) . In addition, HBV's high mutation rate (Caligiuri et al., 2016; Tong and Revill, 2016) can readily lead to drug resistance against the older NAs such as lamivudine (Gupta et al., 2014) . Therefore, more efficient therapies are urgently needed.
The currently available direct-acting anti-HBV drugs -the NAstarget the HBV DNA polymerase activity, whereas there are no drugs against the equally essential viral RNaseH activity. Therefore, the RNaseH is an attractive target for new drugs that might be used in combination with current treatments to increase effectiveness and reduce development of resistance to the older, cheaper NAs (Tavis et al., 2013b; Tavis and Lomonosova, 2015) . Recently we identified HBV RNaseH inhibitors in three chemical families that block HBV replication in cell culture (Cai et al., 2014; Edwards et al., 2017; Lomonosova et al., 2017a; Lu et al., 2015; Tavis et al., 2013a; Tavis and Lomonosova, 2015) . We found that these inhibitors are equally effective against RNaseH enzymes from multiple isolates of HBV genotypes B, C, and D, implying that HBV's high genetic diversity is unlikely to be a barrier to drug development . We also found that combinations of two RNaseH inhibitors from different chemical classes (α-hydroxytropolones (αHTs) and N-hydroxyisoquinolinediones (HIDs)) with the NA lamivudine or with each other synergistically inhibited HBV replication in cell culture (Lomonosova et al., 2017b) .
Chimeric mice with humanized livers can support HBV infection (Allweiss and Dandri, 2016) and are excellent preclinical in vivo models to evaluate drug candidates (Scheer and Wilson, 2016) . Several mouse models with humanized liver have been developed (Bissig et al., 2010; Tsuge et al., 2005) . FRG KO mice have mutations in the recombination activating gene (rag)2 and the gamma chain of the interleukin 2 receptor (il2rg) that render them immunodeficient. They also carry a functional knockout of the fumarylacetoacetate hydrolase (fah) gene (Azuma et al., 2007) , which causes intracellular accumulation of the toxic tyrosine metabolite fumarylacetoacetate that induces hepatocellular necrosis. Unlike the uPA/SCID humanized chimeric liver model (Rhim et al., 1994) , onset and severity of hepatocellular injury in FRG mice is controllable through administration and withdrawal of the protective drug 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC) that prevents accumulation of fumarylacetoacetate and liver damage. Since FRG KO animals are maintained in a healthy state on NTBC prior to transplant of human hepatocytes, they breed normally as homozygous triple knockouts. FRG KO mice can also be engrafted with primary hepatocytes from any human donor.
Here, we assessed whether inhibition of the HBV RNaseH was a viable antiviral mechanism for the first time by testing whether RNaseH inhibitors could interfere with HBV replication in vivo. Two recently discovered HBV RNaseH inhibitors from different chemotypes, #110 (an αHT) and #208 (an N-hydroxypyridinedione, HPD) (Edwards et al., 2017; Lu et al., 2015) were used. Compound #110 is an αHT with a 50% effective concentration (EC 50 ) against HBV replication in culture of 0.34 μM and a 50% cytotoxic concentration (CC 50 ) of 32 μM, yielding a therapeutic index (TI) of 94 (Lu et al., 2015) . Compound #208 (an HPD) has an EC 50 of 0.69 μM and a CC 50 of 15 μM for a TI of 22 in culture (Edwards et al., 2017) . These compounds were administered to HBV-infected chimeric FRG KO (huFRG KO) mice with humanized livers and their ability to suppress HBV viremia and viral antigenemia was evaluated.
Materials and methods

Compounds
Entecavir was purchased from Toronto Research Chemicals (Toronto, Canada) and was dissolved in sterile saline (0.9% NaCl). Compound #208 (SUN-B 8155) was purchased from Tocris/Fisher Scientific (Illkirch, France) and was dissolved in 10% ethanol/90% phosphate-buffered saline (PBS). Compound #110 (CM1912-6e) (Lu et al., 2015) was synthesized in the Murelli laboratory and prepared as a suspension in 10% ethanol/70% PEG400/20% PBS.
Ribonuclease H assays
Recombinant HBV RNaseH was purified as described . The molecular beacon assay was based on . The RNaseH was combined with compounds #110 or #208 plus 25 nM of the molecular beacon (5′ FAM-CCTAGCTCTAAATCACTATGGTC GCGCTAGG-BHQ 3′) annealed to a synthetic RNA (5′ rGrCrGrArCrCrArUrArGrUrGrArUrUrUrArGrA 3′), and incubated in 50 mM HEPES (pH 8.0), 100 mM NaCl, 2 mM TCEP, 0.05% Tween 20 with 20 U RNaseOut for 70 min with continuous fluorescence measurement.
Animal care
All mice were handled according to protocols approved by the St. Louis University Institutional Animal Care and Use Committee. Animals received humane care according to the criteria outlined in the "Guide for the Care and Use of Laboratory Animals."
Humanized mouse model of chronic HBV viremia
Five-to six-month old male FRG KO mice (Fah
−/-triple knock-out) repopulated with human hepatocytes from a single donor (> 90% humanized) on C57BL/6 or NOD background strains were donated by Yecuris Corporation (Tualatin, OR). A human albumin ELISA kit with no cross-reactivity to mouse albumin (Bethyl Laboratories Inc., USA) was used to measure serum albumin (Foquet et al., 2017) . The average pre-shipment level of albumin in all mice was 6212 ± 1852 μg/mL. The humanized chimeric mice were infected with HBV genotype A (2.9 × 10 7 genome equivalents (GE)/mouse) or genotype C (2.6 × 10 8 GE/mouse) using de-identified patient serum purchased from Bioreclamation IVT (Hicksvill, NY). Plasma HBV DNA titers were measured weekly by purifying virion-associated DNA using Qiagen QIAamp cador Pathogen Mini Kit (Qiagen) followed by TaqMan quantitative PCR (qPCR) (Cai et al., 2014) . Primers and probes employed were 5′GGAGGCTGTAGGCATAAATTGG3′; 5′CATG-TACAAGAGATGATTAGGCAGAG3′; 5′/56-FAM/CTGCGCACC/ZEN/ AGCACCATGCA/3IABkFQ/3′ for genotype A, 5′GGAGGCTGTAGGCA-TAAATTGG3′; 5′ATGAACATGAGATGATTAGGCAGAGG3′; 5′/56-FA M/CTGTTCACC/ZEN/AGCACCATGCA/3IABkFQ/3′ for genotype C. DNA standards were quantified against purified HBV DNA sequences of the corresponding genotype. HBeAg levels were assessed weekly by enzyme immunoassay (Diasorin, Via Crescentino, Italy) and hepatitis B surface antigen (HBsAg) levels were assessed weekly by chemiluminescent microparticle immunoassay (CMIA; Abbott, Abbott Park, IL). The efficacy of compounds was evaluated at least eight weeks postinfection when a high-titer infection had been established.
Statistical analysis
Statistical significance was determined using Student's T Test or a one-way ANOVA with the Dunnet's post-hoc test, with p ≤ 0.05 being considered significant.
Results
Biochemical and in vitro replication data for #110 and #208
The αHTs have been experimentally confirmed to inhibit HBV replication by targeting the RNaseH . The HPDs share a core pharmacophore with the HIDs, and the HIDs were recently demonstrated to inhibit HBV replication in cells by targeting the RNaseH (Edwards et al., 2017) . To confirm that compounds #110 and 208 target the HBV RNaseH, we tested whether they could inhibit the HBV RNaseH using a molecular beacon RNaseH assay with purified HBV genotype C RNaseH . #208 and #110 both suppressed HBV RNaseH activity in a dose-dependent manner (Fig. 1) , although higher concentrations were required than are needed to suppress virus replication. This quantitative discord is presumably due to either a sub-optimal conformation adopted when the RNaseH domain is expressed as a recombinant protein in isolation from the remaining three domains of the HBV polymerase protein, or to altered binding characteristics of the substrate and/or inhibitor stemming from the absence of portions of the full enzyme. Unfortunately, all attempts to date to express larger forms of the polymerase that carry an active RNaseH domain have failed. Therefore, both compounds #110 and 208 inhibit the HBV RNaseH, but limitations to the current biochemical assay preclude quantitative evaluation of the inhibition.
Pharmacokinetic and maximum tolerated dose studies
Prior to evaluation of the RNaseH inhibitors #110 and #208 in HBV-infected huFRG KO mice, the compounds were evaluated in a single-dose pharmacokinetic (PK) study (#208 only) and single and repeat dose maximum tolerated dose (MTD) studies. Compound #110 could not be evaluated in PK studies due to inadequate ionization for liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/ MS) analyses. Twelve week old male C57Bl/6 mice were used the PK study for #208 to evaluate systemic exposure and bioavailability of compound #208. Mice received either 1 mg/kg by intravenous (IV) injection or 2 mg/kg by intraperitoneal (IP) injection or oral gavage (PO). Blood samples were collected from three mice/group at 5 (IV injection only), 15, and 30 min and 1, 2, 4, 8, and 24 h post-dose. Compound concentrations were determined using LC-MS/MS and PK analysis was conducted. Bioavailabilty for #208 was 37% by IP and 9% by oral administration. As exposure was greater with IP dosing for #208, IP dosing was used for both compounds in subsequent maximum tolerated dose (MTD) and efficacy studies.
The MTD was determined following single and repeat IP injections of compound #208 (100 or 200 mg/kg) or compound #110 (30, 50, or 100 mg/kg) for up to seven days in male C57Bl/6 mice or huFRG KO mice (> 70% humanized), with three mice/group. In the repeat dose study in C57Bl/6 mice, an age-matched vehicle control group was included. Based on weight loss and adverse clinical signs of hypoactivity, feeling cool-to-touch, unkempt appearance, and distended abdomens, the MTD was determined to be 100 mg/kg for #208 and 50 mg/kg for #110. These MTDs were therefore used to evaluate antiviral efficacy in huFRG KO mice as outlined in Table 1 .
Pilot study to establish infection and treatment parameters
The FRG KO mouse model is just beginning to be used for HBV studies. Although it was clear from other chimeric liver models that the animals would be infectable by HBV, there was only one published study using the FRG KO animal for HBV infection when this project was initiated (Bissig et al., 2010) , and it did not include treatment with an antiviral compound. Therefore, a pilot HBV infection study was conducted in FRG KO mice with humanized livers to establish the basic infection kinetics, compare the C57Bl/6 and NOD mouse strains, and establish the degree to which entecavir suppresses HBV viremia in huFRG KO mice. Six mice in each background were inoculated with 2.9 × 10 7 genome copies of HBV genotype A and plasma viremia was measured weekly by qPCR ( Fig. 2A) . Viral titers increased through Day 70 post-inoculation and a plateau was generally observed through Day 159 in untreated mice. Viremia patterns in the C57Bl/6 and NOD mice were the same, although three NOD mice were found dead between Fig. 1 . Inhibition of HBV RNaseH activity by compounds #110 and 208. RNaseH activity was measured using a molecular beacon assay. Inhibition is evident by the reduction in rate of signal decay. Pilot A 12 (6 NOD, 6 C57Bl/6) Entecavir Vehicle Control: n = 5 (2 NOD, 3 C57Bl/6) 1 mg/kg Entecavir: n = 4 (1 NOD, 3 C57Bl/6) #208 50 mg/kg #208: n = 3 (1 NOD, 2 C57Bl/6) 100 mg/kg #208: n = 3 (3 C57Bl/6) Primary C 21 (C57Bl/6) -Vehicle Control: n = 5 1 mg/kg Entecavir: n = 5 100 mg/kg #208: n = 5 50 mg/kg #110: n = 6 a The number of mice at the beginning of the experiments is indicated.
K.R. Long et al. Antiviral Research 149 (2018) [41] [42] [43] [44] [45] [46] [47] Days 30-42. After stable high titer viremia was established (Day 71 post-infection), nine mice were available for the entecavir pilot study. Four of these mice were treated for two weeks with a high concentration entecavir (1.0 mg/kg PO in saline), with the remaining five animals receiving a saline vehicle control ( Fig. 2A) . Viral titers briefly declined by 0.3 log 10 in the vehicle-treated animals, but the decline coincided with the animals being cycled onto NTBC to maintain their health. This transient reduction was subsequently confirmed to be due to NTBC treatment in an experiment conducted after the primary study described below (data not shown). HBV titers in the entecavir-treated animals dropped by 2.8 log more than the control animals (p = 0.01) between the last pre-treatment and the final on-treatment time points (Days 70-85). Viral titers rebounded to pretreatment levels by Day 159 following drug withdrawal.
While the pattern of viremia in NOD mice was similar to that in C57Bl/6 mice, five of six huFRG KO mice on the NOD background strain died by Day 118, compared to a single early death in mice on the C57Bl/6 background. In addition to the three NOD mice that were found dead between Days 30-42 during the infection development phase, a fourth NOD mouse in the saline control group was found dead during the treatment phase (Day 76). The fifth NOD mouse and a single C57Bl/6 mouse were found dead during the post-treatment phase (Days 118 and 121, respectively). Therefore, huFRG KO mice on the NOD strain were more fragile under the conditions of this study. Weight loss and clinical signs such as hunched posture, dehydration, and hypoactivity preceded these deaths in some cases.
Preliminary efficacy study with #208
Mice remaining after the pilot study with entecavir were then used in a small preliminary study to guide design of a study to evaluate efficacy of the RNaseH inhibitors in huFRG KO mice. After HBV titers returned to baseline, the six surviving infected mice were treated with 50 or 100 mg/kg/day compound #208 (IP) on Days 160-173. The two dosage groups were analyzed without concurrent controls due to the small number of remaining animals by comparing to pretreatment (Day 159 values) for each group. HBV titers declined in all treated animals, and compound #208 suppressed HBV viremia by an average of 1.1 log (50 and 100 mg/kg) after one week; this efficacy was sustained at week two in the surviving mice (Fig. 2B) ; statistical analysis could not be conducted due to the small group sizes.
Two mice were found dead on Day 168 after seven days of treatment with compound #208; one mouse given 50 mg/kg and one given 100 mg/kg. Both mice experienced weight loss and enlarged discolored livers. The cardiothoracic cavity of the mouse given 100 mg/kg #208 was fluid-filled. Another mouse given 50 mg/kg #208 was sacrificed moribund on Day 187 (about two weeks after treatment was discontinued) due to weight loss and unkempt appearance. Gross observations of enlarged, pale kidneys, and discolored livers were noted for this animal. A cause for the moribundity/mortality was not determined, but effects related to treatment with #208 and/or morbidity due to the age of these huFRG KO mice (> 1 year) may both have contributed. The other three mice survived until the scheduled sacrifice on Day 187.
Primary efficacy study with compounds #110 and 208 in HBVinfected huFRG KO mice
We next used the experience gained with the FRG KO model in the pilot and preliminary efficacy studies to test whether compounds #110 and 208 could inhibit HBV replication in vivo. Twenty-One C57Bl/6 huFRG KO mice were infected with human serum containing 2.6 × 10 8 genome copies of HBV genotype C and viral titers in plasma were measured weekly beginning 30 days post inoculation. There were no differences in pretreatment human albumin levels among the four groups by a one-way ANOVA with the Dunnets′ post-hoc test. Genotype C was employed in this study rather than genotype A which was used in the preliminary study because we had preliminary data indicating that RNaseH inhibitors from these chemical classes could inhibit HBV from multiple genotypes . Using genotype A in the preliminary experiment and genotype C in the primary efficacy study allowed us to directly test that hypothesis in vivo. Viremia increased from Day 30 through Day 58 and there were no early deaths (Fig. 3A) . There K.R. Long et al. Antiviral Research 149 (2018) [41] [42] [43] [44] [45] [46] [47] was no further increase in plasma viral titers in animals in the salinetreated control group through Day 128 in the subsequent efficacy trial. Plasma HBsAg and HBeAg levels generally increased in parallel with HBV DNA copies ( Fig. 3B and C) . Therefore, stable viremia was achieved approximately eight weeks post-inoculation using an HBV genotype C isolate. The mice were randomized into four treatment groups (n = 5 or 6 mice per group) after the Day 58 sample collection to evaluate efficacy of entecavir, compound #110, and compound #208 compared to vehicle-treated animals. Treatment with entecavir at 1 mg/kg/day PO on Days 59-72 post-infection caused a 2.6-log decrease in HBV titers after one week of treatment (p = 3.1 × 10 −11 ) and a 3.2-log decrease after two weeks (p = 3.1 × 10 −11 ) (Fig. 3A) . HBV titers began rising 1-2 weeks after treatment ended, with most animals returning to pretreatment viral titers by Day 108. Treatment with compound #208 at 100 mg/kg/day (IP) caused a 1.6-log decrease (p = 5.2 × 10 −7
) in HBV titers after one week compared to control mice, and this suppression was sustained after two weeks of dosing (1.4-log decrease; p = 3.1 × 10 −5 ) (Fig. 3A) . Viral titers returned to pretreatment levels by Day 87, approximately two weeks after treatment ended. Treatment of mice by IP injection with 50 mg/kg/day compound #110 also decreased HBV titers, but to a lesser extent of 0.4 log after both one (p = 0.02) and two (p = 0.001) weeks compared to control mice (Fig. 3A) . Viral titers returned to pretreatment levels by Day 80, eight days post withdrawal of the compound. There was no impact of entecavir, compound #110, or compound #208 on plasma HBsAg or HBeAg levels ( Fig. 3B and C) .
While all mice survived the treatment phase (Days 59-72), weight loss was noted in all groups (Fig. 3D ). Mice given vehicle (10% ethanol/ 70% PEG400/20% saline), compound #208, and compound #110, via once daily IP injections, lost 12-15% body weight at the end of the twoweek dosing interval, while mice given entecavir lost 3%. While some weight gain occurred after the treatment phase with vehicle, entecavir, and compound #208 ended, mice given compound #110 generally did not recover weight. These data suggest that, in addition to a vehicle effect, there may also have been a test article-related effect on tolerability of #110 and #208, which was more evident with #110.
On Day 87 during the post-dosing phase, one animal that had been given compound #110 was sacrificed moribund due to severe weight loss, and necropsy revealed mottled discoloration of the liver and kidneys. On Day 88, also during the post-dosing phase, a single animal that had been given #208 was found dead. Minimal weight loss was noted for this animal and gross findings were only noted in the liver and included pale discoloration, hepatomegaly, and adhesions of liver lobes to the stomach, diaphragm, and other adjacent lobes. These deaths could not be considered with certainty to be test article-related due to their singular occurrence within affected groups, as well as the advancing age of the mice (∼nine months), and because liver and kidney findings are not uncommon to FAH-deficient mice with impaired tyrosine metabolism possibly leading to accumulation of fumarylacetoacetate (Grompe et al., 1993) .
Therefore, both RNaseH inhibitors significantly suppressed HBV titers in chimeric FRG KO mice without affecting antigenemia, and viral titers rebounded during the post-treatment period. This is the expected pattern for compounds that suppress viral genomic synthesis.
Discussion
This study was done to test for the first time whether inhibiting the HBV RNaseH suppresses viremia in an animal. We observed significant suppression of HBV plasma titers in huFRG KO mice infected with HBV with both RNaseH inhibitors, the HPD #208 and to a lesser degree the αHT #110. A decrease in plasma levels of HBsAg or HBeAg antigen was not evident during or after treatment ( Fig. 3B and C) . This was expected because entecavir and compounds #110 and 208 suppress HBV genomic replication and are not expected to affect levels of the nuclear cccDNA form of the viral genome that is the template for the HBV RNAs during this short treatment window, presumably due to a long half-life of the cccDNA and a relatively low turnover of infected cells in these K.R. Long et al. Antiviral Research 149 (2018) [41] [42] [43] [44] [45] [46] [47] animals with a stable HBV chronic infection. HBV is genetically diverse, with at least 8 genotypes that differ from one another by ≥ 8% at the nucleotide level . This is easily high enough to impact efficacy of a drug among viral strains circulating in the population, similar to what was seen with the early protease inhibitors for HCV (Murphy et al., 2014 ). Therefore, we tested in vivo efficacy of #208 against an HBV genotype A isolate in the pilot experiment and a genotype C isolate in the primary study. The pilot experiment indicated a trend for an approximate 1 log decrease in HBV titers in the #208 treated animals (Fig. 2B) , and the larger primary efficacy study revealed a 1.4 log (p = 3.1 × 10 −5 ) drop in HBV titers mice treated with #208 (Fig. 3A) . Therefore, compound #208 can inhibit HBV isolates from at least two genotypes in vivo. This is similar to our observation that the αHT compound #46 can inhibit both genotype A and D isolates in vitro and that HBV RNaseH inhibition in biochemical assays is insensitive to genetic variation within genotypes B, C, and D .
Moderate toxicity based on weight loss was observed following dosing with both compounds #110 and #208. Dose-limiting toxicity following administration with compound #208 in non-infected mice included > 10% weight loss, hypoactivity, unkempt appearance, feeling cool-to-touch, and distended abdomen. Dose-limiting toxicity following administration with compound #110 included the above symptoms plus lethargy, immobility, blood in the subcutaneous space/ small intestines, and an early death. Although the weight loss observed for both #110 and 208 appeared to be partially caused by the vehicles employed, much of it appeared to be associated with the RNaseH inhibitors. This was not unexpected given that these compounds are firstin-class screening hits that that are not clinical candidates.
There were two primary limitations to this study. First, compounds #208 and #110 are tool compounds that have not been chemically optimized for efficacy or any pharmaceutical parameter. We were unable to determine a pharmacokinetic half-life for #110 because it does not ionize adequately for detection using mass spectrometry. Therefore, dosing was guided by MTD studies only. Differences in the pharmacological properties of the two compounds are the likely reason that #208 worked in mice better than #110 (1.4 vs. 0.4 log) despite #110 having a better EC 50 in vitro (0.34 vs. 0.69 μM). The second major limitation was that the animals were not sacrificed at the end of the primary experiment so that these expensive mice could be re-used in tests of NTBC dosing and other studies. This precluded evaluation of drug-related histopathology and assessment of how the inhibitors affected HBV intracellular replication intermediates.
Another widely used mouse model for HBV drug testing is transgenic mice in which constitutive replication of HBV in mouse hepatocytes is driven from an integrated HBV transgene (Allweiss and Dandri, 2016) . These mice are viremic and immunotolerant to HBV. Therefore, we also evaluated efficacy in the transgenic mouse model through the NIAID Cooperative Antiviral Testing Group, with both #208 and #110 dosed at 100 mg/kg daily by IP injection. Although both compounds significantly suppressed HBV viremia in FRG KO chimeric mice, they failed to reduce either intrahepatic DNA accumulation or serum viremia in the transgenic mice, and substantial mortality was observed in both the vehicle-treated control groups and the animals treated with #110 and 208 (data not shown). The reasons for this discrepancy are not known, but it could be due to different stability and/or pharmacological suitability of #208 and #110 in murine compared to human hepatocytes. This study with transgenic animals emphasizes the early stage of drug development for the αHT and HPD compound classes. However, the inactivity of these compounds in the transgenic model does not detract from their clear efficacy in the humanized FRG KO mice because the huFRG KO mice experiments measured effects of the compounds in infected human hepatocytes and therefore more closely reflect a human infection.
This study demonstrates for the first time that HBV replication can be inhibited during infection in an animal model by targeting the viral RNaseH activity. The ability of compound #208 to inhibit both genotype A and C HBV isolates provides in vivo support for the in vitro and biochemical studies implying that RNaseH inhibitors are likely to be active against a wide range of viral strains and genotypes. As such, it validates the HBV RNaseH as a viable target for novel drugs to help control or cure hepatitis B.
